Microgravity experiments were performed to evaluate liquid propellant retention force of a porous metal. In our gas-liquid equilibrium propulsion system, porous metals are equipped in a storage tank and surface tension in pores of the porous metals holds liquid propellant in them, which ensures expelling of only gaseous propellant from a storage tank. The performance of a porous metal for liquid retention was evaluated by two different microgravity experiments. In the first one, the acrylic tank filled with semilunar porous metals and liquid propellant was rotated by a motor. The performance was evaluated by considering a force balance between liquid retention force and centrifugal force acting on the liquid propellant absorbed in porous metals. In the other one, the internal pressure in the tank was reduced by propellant ejection from a nozzle. The performance was evaluated by exhaustion time. As a result, it was found that liquid retention force was equal to, or higher than analytical value (bubble point pressure), and extractable gas volume of each ejection strongly depends on the existence of bubbles in liquid propellant.
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Introduction
JAXA has been developing a gas-liquid equilibrium propulsion system for a small spacecraft 1, 2) . In this propulsion system, propellant is stored as liquid phase in a storage tank and expelled from a nozzle in gaseous form. This system has the following advantages for use in a small spacecraft. First of all, a large amount of propellant in mass can be stored in a storage tank compared with a conventional cold gas jet propulsion system. Secondly, use of a non-toxic and non-flammable propellant with lower vapor pressure enables a propulsion system to be light and simple. HFC134a, a kind of liquefied gas, is used as a propellant in our system because the propellant is easily-available and low-cost. Properties of HFC134a are listed in Table 1 .
To expel only gaseous propellant from a storage tank under microgravity environment, it was proposed to install porous metals ( Fig. 1) inside the tank. The advantage of a porous metal in liquid propellant retention was confirmed by ground-based experiments 2) . In 2010, a small solar power sail demonstrator "IKAROS" (Interplanetary Kite-craft Accelerated by Radiation Of the Sun), was launched by the Japanese H2A rocket. The spacecraft was equipped with a gas-liquid equilibrium propulsion system. Available flight data of IKAROS showed that only gaseous propellant was exhausted from nozzles. But to ensure ejection of only gaseous propellant, other tank devices such as mesh and vanes were installed in IKAROS RCS tank (the tank of IKAROS' reaction control system) 3) . These devices also contribute to liquid propellant retention. Therefore, it is difficult to evaluate the liquid retention force of each device from flight data.
This paper focused on a porous metal and evaluated the advantages, because a porous metal is a main structure of our 
Porous Metal
A porous metal has a number of pores and holds liquid propellant in the pores like a sponge. A porous metal has the following advantages in gas-liquid propulsion system. 1. Liquid propellant retention To separate gas and liquid in a storage tank by holding liquid propellant in pores of a porous metal 2. Improvement in thermal conductivity to propellant To transfer heat to liquid propellant effectively to compensate heat loss caused by evaporation at a gas-liquid interface
In our experiments, two kinds of porous metals (#4 and #8) were used. Porous metal #4 was installed in IKAROS RCS tank. Specifications of the porous metals are listed in Table 2 .
Microgravity Experiment
Microgravity experiments were conducted to evaluate the first advantages of a porous metal using 50-m drop tower facility. The specifications of the facility are listed in Table 3 . HFC134a was used in our experiments. The performance of a porous metal for liquid retention was evaluated by two different experiments. The first one evaluated the performance by adding disturbance force to liquid propellant absorbed in porous metals (experiment A). The disturbance force was centrifugal force generated by a motor. The other one evaluated the performance when the tank's internal pressure decreases with gaseous propellant exhaustion (experiment B).
3.1.
Performance evaluation with centrifugal force acting on liquid propellant (Experiment A) This experiment evaluated performance of a porous metal to hold liquid propellant in its pores under disturbance force. Our experimental system consisted of a cylindrical tank and a motor. Fig. 2 shows the experimental tank which was made of acrylic Semilunar porous metals were equipped in the tank and liquid propellant was stored halfway in the tank. The porous metals were adhered to the inner wall of the tank through frictional force between the porous metals and the wall. As soon as the capsule containing our experimental devices started to fall, the tank and porous metals started to rotate together at constant speed. In this experiment, we confirmed whether the porous metals could hold liquid propellant in the pores against centrifugal force or not. Variable parameters in this experiment were pore diameters of a porous metal and rotating speed of the tank. The behavior of liquid propellant in the tank was recorded by a high speed camera whose frame rate was 480 fps. Fig. 4 shows the behavior of liquid propellant during the tank rotating. In the case where any porous metal was not equipped in the tank, liquid propellant expanded along the inner wall by surface tension and centrifugal force. On the other hand, in the case where porous metals were equipped, liquid propellant was held in the pores of porous metals against centrifugal force. In all cases we conducted, the porous metals could hold liquid propellant. The maximum rotating speed was 143 rpm in both cases of porous metal #4 and #8. 
Evaluation of retention force for results of experiment A
To evaluate the validness of the results of this experiment, we considered a force balance between surface tension and centrifugal force acting on liquid propellant. In the experimental tank, liquid propellant is absorbed in porous metals as seen in Fig. 5 . If there is no gas exhaustion from a tank, pressures at gas ( G P ) and liquid ( L P ) should be the saturated vapor pressure ( 0 P ). But if there is disturbance pressure ( 0 d P Δ > ) acting on liquid propellant, the pressure at the liquid propellant is the sum of saturated vapor pressure and disturbance force. The pressures at gaseous and liquid propellant under disturbance are expressed as,
2) The differential pressure ( P Δ ) acting at gas-liquid interface is defined by the following equation.
3) To keep liquid propellant held in the pores, the differential pressure must be smaller than the retention force derived from surface tension. We applied bubble point pressure b P Δ to evaluate the retention force of a porous metal. Bubble point pressure is defined as a minimum pressure required to force liquid out of pores, and often used to estimate the pore size of micro-porous filters in filter systems. The condition to keep liquid propellant held is written as. Table 4 . Although a disturbance pressure was higher than a bubble point pressure of a porous metal, liquid propellant kept held in the pores. The following two reasons can be considered for the experimental results. The bubble point pressure calculated with Eq. (3.5) deals with surface tension in a single hole. However, a porous metal has a three dimensional multi-hole architecture and hole size is not constant. Therefore, there is a difference between an actual bubble point pressure and a value calculated with Eq. (3.5). As for the other reason, another force such as friction between liquid propellant and a porous metal can contribute to liquid propellant retention.
Performance evaluation with gas exhaustion (Experiment B)
This experiment evaluated the performance for liquid propellant retention with propellant exhaustion from a nozzle． Our experimental system (Fig. 6) consists of a nozzle, valves and a transparent acrylic tank. The diameter of a nozzle throat is 0.4 mm. Fig. 7 shows a picture of the acrylic tank. The filling rate of liquid propellant in the tank was 60% of the tank volume in all cases, that is, the level of liquid surface was as high as top of porous metals from the bottom of the tank. As soon as microgravity started, propellant was exhausted from a nozzle. We changed the exhaust time from 0.0 to 3.0 sec.
Experimental results are listed in Table 5 . Exhaust time in Table 5 is that when an electromagnetic valve is open. Pressure drop (
T P Δ > ) in Table 5 and Fig. 9 to Fig. 11 is the amount of pressure reduction from initial pressure. As a result of this experiment, a porous metal was able to hold liquid propellant within 0.4 sec propellant exhaustion. Upper right picture of Fig. 8 shows the behavior of liquid propellant in the case No.1 where any porous metal was not equipped in the tank. In this case, liquid propellant climbed up internal wall of the tank and reached gas outlet port, which could eject liquid propellant from a nozzle and degrade fuel efficiency. Fig. 9 shows the gaseous pressure history in the case while propellant was exhausted. The pressure decreased at constant rate. After the gas exhaustion finished, the gaseous pressure was recovered by evaporation at gas-liquid interface.
In the case No.3 where porous metals were equipped in the tank and propellant exhaust time is 0.2 sec, a rise of gas-liquid interface from the porous metals was not observed (middle right picture of Fig. 8) . The result showed that the porous metals could hold liquid propellant in the porous metals and expel only gaseous propellant from the tank. The gaseous pressure history was also constant rate during propellant exhaustion (Fig. 10) .
In the case No.5 where propellant exhaust time is 0.8 sec, liquid propellant escaped from porous metal's retention as seen in lower right picture of Fig. 8 shows. This result shows that a porous metal couldn't hold liquid propellant in itself. From Fig. 11 , the rate of pressure drop changed at around 0.3 sec after microgravity started. Before 0.3 sec, the pressure drop was constant, because only evaporation occurred at the gas-liquid interface. After 0.3 sec, the rate of gaseous pressure reduction became small and then the pressure increased despite propellant exhaustion. This pressure history shows that a boiling occurred in liquid propellant and bubbles caused by the boiling recovered the gaseous pressure in the tank.
Evaluation of retention force for results of experiment B
To evaluate the liquid retention force of a porous metal with gas exhaustion, we considered a force balance at two gas-liquid interfaces in the case where a bubble exists (Fig.  12) .
Gaseous pressure in the tank decreases with gas exhaustion. 0 G T P P P = − Δ (3.8) On the assumption that the internal pressure of a bubble is equal to saturated vapor pressure, the liquid pressure can be obtained by Laplace surface tension equation (force balance at gas-liquid interface A in Fig. 12 ).
d′ is inner diameter of a bubble. The differential pressure P Δ 
In the case No.5, the maximum pressure drop ( T P Δ ) was 10.0 kPa. If a diameter of a bubble is 10 mm, the differential pressure is written as, 4 0.0067 10000 10000 2.7Pa 10kPa 0.010
Therefore, when a bubble exists in liquid propellant, a pressure which is almost equal to a pressure drop acts at a gas-liquid interface.
12) The value of the differential pressure (10 kPa) is higher than that of the bubble point pressure (50 Pa). In the case No.5, therefore, it was observed by a high speed camera that liquid propellant was forced out of the pores and the gas liquid interface rose along the inner wall of the tank. On the other hand, the pressure drops in the case No.2, 3 and 4 were also higher than the bubble point pressure. However, a rise of an interface was not observed. This is because there wasn't any bubble (a boiling didn't occur) in liquid propellant. In these cases, liquid pressure decreased with the decrease in gaseous pressure (Fig. 13) . Therefore, a differential pressure acting at a gas-liquid interface was small enough for surface tension to hold liquid propellant. Frame rate is 240 fps. 
Conclusion
We evaluated the performance of a porous metal for liquid propellant retention by two different microgravity experiments.
The performance of a porous metal was evaluated by adding centrifugal force on liquid propellant. A porous metal could hold liquid propellant in pores against more than bubble point pressure, which is calculated with surface tension of a propellant and a pore diameter of a porous metal.
From the results of experiments with gas exhaustion, extractable gas volume from a storage tank depends on the existence of bubbles in liquid propellant. In the case where there wasn't any bubble in liquid propellant (a boiling doesn't occur), a porous metal could hold liquid propellant against higher pressure drop (15 kPa in case No.4) than bubble point pressure (50 Pa). On the other hand, in the case where a boiling occurred, the rise of gas liquid interface was observed at smaller pressure drop (10 kPa) than case No.4. From the results of experiments, If we can delay or prevent a boiling, a porous metal could hold liquid propellant against higher pressure drop than bubble point pressure.
